Abstract. renal cell carcinoma (rcc) is the most frequent type of renal-originated malignancy. Although nephrectomy is successfully used to save the lives of patients with localized rcc, treatment of advanced and other refractory rccs is poor and still inadequate. Here, we show that triptolide, a small molecule and a well-known anti-inflammatory and antiimmunity agent used in the clinic, is capable of inducing cell apoptosis via the mitochondrial pathway in the 786-0 rcc cell line. this induction occurred in concert with reduced expression of genes related to the stabilization of mitochondria such as Bcl-2 and Bcl-X l . cell cycle analysis showed that exposure to triptolide decreased the proportion of cells in the g0/g1 and g2/M phases, and increased the proportion of cells in the s phase. cell accumulation in the s phase can be attributed to reduced expression of cell cycle checkpoint regulators such as cyclin A, cyclin B, cDK1, cDK2 and retinoblastoma proteins (rb). these results raise the possibility that triptolide-induced apoptosis is mediated by cell cycle arrest. similarly, in another human rcc cell line, os-rc-2, triptolide-induced apoptosis and cell accumulation in s phase were also observed. therefore, triptolide emerges as a stimulator of apoptosis by influencing coordinate regulation of proliferation and apoptosis, and may be applicable to the treatment of human renal cell carcinoma.
Introduction
renal cell carcinoma (rcc) derived from renal tubular cells is the most common malignant cancer affecting the kidney, accounting for 90-95% of renal tumors (1) . Despite high effectiveness of nephrectomy in the management of localized rcc, most patients are diagnosed with advanced rcc, which often has distant metastasis and is associated with an estimated median survival of less than one year (2) . Besides, for those with a single kidney, a non-functional contralateral kidney or bilateral rcc, it is also a problem to select an appropriate therapy strategy (3) . For these people unsuitable for surgery, standard treatments such as traditional chemotherapy, radiotherapy and immunotherapy largely lack efficacy and are poorly tolerated (4) . therefore, efforts to develop a new drug targeting molecular pathways involved in tumor growth are urgently needed in order to improve the outcome of patients with advanced and refractory rcc.
A particularly potent driving force for the progression of carcinogenesis is the coupled relationship between deregulated cell cycle and inhibition of cell apoptosis, as cancer is a disease of deregulated cell proliferation and survival (5) . Based on their critical role in all tumor development, therapeutic targeting of cell cycle and apoptosis are utilized as two obvious strategies to cancer intervention (6) . studies have shown that cells will either return to g0 phase or re-differentiate if arrested at g1 checkpoint, while the cells will die by apoptosis if arrested at any of the checkpoints except g1 checkpoint (7) (8) (9) . In clinic, cell cycle specific cytotoxic agents which have been widely applied as the common drugs of the chemotherapy regimen for years, do rely on this theory and accumulate cancer cells in s or M phases followed by cell apoptosis, such as DnA synthesis inhibitors methotrexate and 5-fluoro-2,4(1H,3H)pyrimidinedione and tubulin-interactive drugs paclitaxel and colchicine (10) (11) (12) (13) . Although causing some side-effects, these chemotherapeutic agents specific to cancer cells in S or M phases have brought great benefits and a new outlook for cancer therapy.
triptolide, the major active component of the chinese medicinal herb Tripterygium wilfordii Hook F (tWHF), has been used as an effective agent to immunological nephritis and rheumatoid arthritis for years (14, 15) . As a small molecule (MW: 360.6), triptolide (see Fig. 1 for the structure) at nanomolar concentrations presents not only anti-inflammatory and -immunity activities, but also strong in vivo and in vitro anti-neoplastic activity in a broad rage of cancer types not including renal cell carcinoma (16) (17) (18) . Most studies revealed the pro-apoptotic effect of triptolide, however, the relationship between cell cycle and apoptosis has not been clarified. We analyze the effects of triptolide on apoptosis and cell cycle in human renal cell carcinoma cells and explore the possible mechanisms involved.
Materials and methods
Culture and reagents. the human renal cell carcinoma cell lines 786-0 and os-rc-2, were grown in rpMI-1640 medium supplemented with 10% fetal bovine serum (FBs) (Invitrogen, grand Island, ny). cells were cultured in a 5% co 2 -humidified atmosphere at 37˚C. Triptolide (Sigma-Aldrich, St. Louis, MO) was dissolved in dimethyl sulfoxide (DMso) to obtain 1 mM stock solution, and then was added in medium at indicated concentrations for indicated durations.
Cell viability assay. cell viability assay was conducted as previously described (19) . Briefly, cells after treatment were incubated with 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (Mtt) solution (sigma, 5 mg/ml in pBs) to induce the production of formazan crystals and then 100 µl DMso was added to solubilize the formazan crystal. the optical density (oD) was determined at 570 nm using an iMark tM Microplate reader (Bio-rad, richmond, cA). the cell viability rate = oD experiment/oD control x 100%.
Hoechst 33258 staining. the method was carried out as previously described (19) . In brief, cells were fixed with 4% paraform for 10 min, stained with Hoechst 33258 (sigma) at 5 µg/ml for 15 min in the dark, and observed by fluorescence microscopy with a 340 nm excitation filter. Cell cycle analysis. After 24 h of serum starvation, cells were exposed to the complete medium with 10% FBs and triptolide at different concentrations for various durations and then were harvested by trypsinization, washed in cool pBs twice and fixed in 75% ethanol overnight at 4˚C. Cells were then incubated in solution with 50 mg/ml DnA-binding dye pI, 4 Ku/ml rnase, 0.3 mg/ml naF and 1 mg/ml sodium citrate for 30 min at 37˚C away from light. Finally, red fluorescence from 488 nm laser-excited pI in cells was analyzed by epIcs ALTRA flow cytometer (Beckman Coulter, Fullerton, CA) using a peak fluorescence gate to discriminate aggregates. the percentage of cells in g0/g1, s and g2/M phases was determined from DnA content histograms by Multicycle for windows (phoenix Flow systems, san Diego, cA).
Release of cytochrome c. cytochrome c concentration in cytoplasm was determined using Quantikine cytochrome c immunoassay kit (r&D systems) according to the manufacturer's instruction. the cytoplasmic protein was collected using nuclear and cytoplasmic extraction reagents (pierce, rockford, Il), normalized using BcA protein assay kit (pierce) and stored at -70˚C until assay for cytochrome c.
Measurement of caspase activity. caspase 3 and 8 activities were assessed by caspase 3 and 8 colorimetric assay kit, respectively (Keygen, nanjing, china). After different treatment for various times, 5x10 6 cells were collected and resuspended in 50 µl lysate. After spallation, lysis solution was normalized using BcA protein assay kit and then incubated with 50 µl reaction buffer and 5 µl substrate solution for 4 h at 37˚C in the dark. The optical density (OD) was determined at 405 nm using an iMark Microplate reader.
Western blot analysis. Western blot was carried out as previously described (19) . the following antibodies were used: antibodies against ß-actin (1:1000, neomarker, cA, UsA), gApDH (1:2000, cell signaling technology, Beverly, MA), Bax (1:1000, cell signaling technology), Bcl-2 (1:1000, cell signaling technology), Bcl-X l (1:1000, cell signaling technology), rb (1:500, santa cruz, cA, UsA), phosphorylated-rb (1:1000, cell signaling technology), e2F1 (1:1000, cell signaling technology), cyclin A (1:1000, cell signaling technology), cyclin B (1:1000, cell signaling technology), cDK1 (1:1000, cell signaling technology) and cDK2 (1:1000, cell signaling technology).
Statistical analysis. Data are presented as the mean ± standard deviation (sD) of three separate experiments. statistical significance was determined by ANOVA analysis. Values with p<0.05 were considered to be statistically significant. Furthermore, we tested cell apoptosis by Hoechst staining and Annexin V-pI double staining. When 786-0 cells were exposed to 12.5, 25 and 50 nM triptolide for 48 h, apoptotic cells characterized by morphological alteration such as condensed nuclei and cell shrinkage were observed and the apoptotic cell number increased with the dose (Fig. 2B) . phosphatidylserine externalization is a parameter of apoptosis, which can be Triptolide-triggered apoptosis is mediated via the mitochondrial pathway in 786-0 cells. cell apoptosis can be triggered by intrinsic/mitochondrial pathway or extrinsic/the death receptor signaling pathway. to assess the pathway by which triptolide induces cell apoptosis, several markers of apoptosis were analyzed, including the activity of caspase-3 which is activated through whatever the intrinsic or extrinsic pathway, the activity of caspase-8 which is activated through the death receptor signaling pathway, and the release of cytochrome c which is secreted from the mitochondria into the cytosol when the intrinsic pathway is initiated (20) (21) (22) (23) . Significantly, caspase-3 activity and cytochrome c release were enhanced to approximately 3-fold at 50 nM triptolide, while caspase-8 activity did not alter at tested concentrations. these data provide a possibility that triptolide-induced apoptosis is mediated by mitochondrial pathway.
Results

Triptolide dose-dependently decreases cell viability and induces cell apoptosis in human renal
the Bcl-2 family of proteins stands among the most crucial regulators of apoptosis and influences the stability of the mitochondrial membrane after intrinsic or extrinsic stimulators (24) . the ratio of pro-apoptotic proteins such as Bax and anti-apoptotic ones such as Bcl-2, Bcl-X l performs a vital function in deciding whether a cell is killed or survive (25) .
In response to triptolide at 12.5, 25 and 50 nM, the protein level of Bax slightly climbed, while those of Bcl-2 and Bcl-X l declined. Bax/Bcl-2, Bcl-X l increase would result in the disruption of the mitochondria and the release of cytochrome c, then provoke caspase-3 activation and eventually trigger cell apoptosis (Fig. 3) .
Triptolide initiates cell cycle arrest at S phase via influencing cell cycle-related factors in 786-0 cells. to explore whether triptolide-induced apoptosis is related to the alteration of cell cycle, we respectively detected the dose-and time-dependent effect of triptolide on cell cycle distribution. When 786-0 cells were incubated with 0, 12.5, 25 and 50 nM triptolide, the cell population of g0/g1 phase gradually decreased from 65.3 to 34.5%, one of s phase rised from 27.7 to 63.9% with dose, and one of g2/M phase dropped from 7.1 to 1.6% by degrees. similarly, the same trend was observed after triptolide treatment for 12, 24 and 48 h. especially at 48 h post-incubation with 50 nM triptolide, more than half of tumor cells showed the 2n-4n karyotype, indicating a cell cycle arrest at s phase (Fig. 4A) . to probe the mechanism by which triptolide initiated such a cell cycle arrest, the following investigation was focused on the cell cycle checkpoint-cyclins, cyclin-dependent kinases (cDK) and other cell cycle-related factors. Firstly, we measured the g1 to s phase checkpoint-retinoblastoma protein (rb), which binds to transcription factor e2F1 in the resting state and in the phosphorylated state releases the activated e2F1 that subsequently promotes gene transcription required for s phase entry (26, 27) . After 12.5-50 nM triptolide treatment for 48 h, the total rb gradually declined to a nearly undetectable level, concurrent with the reduced phosphorylated rb (prb). In a parallel assay, we did not detect any alteration in the total e2F1 protein, indicating that the reduction of rb may contribute to the increasing release of free e2F1 and then trigger cells to enter into s phase more rapidly (Fig. 4B) . secondly, cyclin A/cDK1 or cDK2 complexes, responsible for the check of DnA duplication in s phase and entering into g2 phase from s phase, were also reduced to an extreme low level (28) . Furthermore, the diminution of cyclin B/cDK1 complex called the mitosis promoting factor (MpF) implied the hindrance of the g2 to M transition (29) (Fig. 4c) . taken together, we can deduce that triptolide kept cells accumulating in s phase via possibly impelling more cells passing the g1 to s checkpoint and at the same time stopping the export from s phase (Fig. 6 ).
Triptolide induces cell viability loss, cell apoptosis and S phase cell cycle arrest in the human renal cell carcinoma OS-RC-2 cells.
to clarify whether triptolide-induced apoptosis and cell cycle arrest is cell-specific, we used the human renal cell carcinoma cell line os-rc-2. As shown in Fig. 5A , triptolide also reduced the cell viability of os-rc-2 cells dose-and time-dependently, and similar to 786-0 cells, the cell viability did not continue to decline when the dose reached 50 nM. then triptolide-induced dose-dependent apoptosis of OS-RC-2 cells has been confirmed by Hoechst staining and caspase-3 activity assay (Fig. 5B and c) . In addition, a concentration-dependent increase in cell proportion at s phase (from 12.2 to 26.6%) further supported the notion that triptolide has no cell line-specific effect to induce apoptosis and cell cycle arrest at s phase in human renal cell carcinoma (Fig. 5D) . 
Discussion
rcc, also called renal adenocarcinoma, accounts for >90% of malignancy arising from the kidney. Although the proportion of rcc in all adult malignant tumors is only 2%, the incidence is continuously increasing (30) . radical nephrectomy is the only curative and effective treatment option for located rcc. However, this operation greatly reduces the life quality of patients diagnosed with rcc, and cannot be applied to those with a single kidney or functionally compromised contralateral kidney and those with bilateral rcc or advanced rcc. Meanwhile, for those special rcc mentioned above, the high existence of multidrug-resistant gene in rcc causes the resistance of rcc to common cytotoxic chemotherapy drugs (31) . Up to now, despite the application of surgery, combined with chemotherapy and systemic therapy, the outcome of these refractory rcc have been proved disappointing. In our study, the small molecule triptolide that has been confirmed to be cytotoxic to almost all tested cancer cells even though those transfected with multidrug-resistant gene (17) , also showed a significant pro-apoptotic effect in human renal cell carcinoma cells. cell apoptosis seems like to be closely associated with the cell cycle arrest in s phase via accelerating cells into s phase and hampering cells out from s phase. the cell cycle is controlled by a series of key components including cyclins, cyclin-dependent kinases and some regulatory factors. In every cell cycle transition, there always exists different complex as the checkpoint which thus becomes the potential target of deregulated cell cycle-associated diseases, especially cancer. In transition of g1 to s, cyclin D/cDK4 or 6 and cyclin e/cDK2 complexes form, phosphorylate rb and release free e2F, thereby subsequently activating gene transcription required for s phase entry (26, 32, 33) . Following the preparation of DnA synthesis-associated proteins, cyclin A/cDK2 complex is required for the check of DnA synthesis (28) . later in s phase, cyclin A alters to bind to cDK1 (also termed cDc2), and allows cells to enter into g2 phase (28, 34) . In the late g2 phase, cDK1 detaches from cyclinA and associates with cyclin B. the new complex is also termed MpF and is necessary for the cell mitosis (28, 29, 35, 36) . We found triptolide-reduced rb protein but had no effect on e2F1 protein. so we speculate that triptolide elevated the free e2F1 level and thus promoted more cells into s phase. In addition, every component of cyclin A/cDK1,2 complexes was down-regulated, indicating that the DnA synthesis and the transition of S to G2 phase is most possibly influenced, and then cells remain in s phase. Besides, the reduction of MpF would inevitably stop the cell mitosis. triptolide-induced cell cycle arrest at s phase is mediated via regulating cell cycle-associated factors. this phenomenon occurred not just in renal cell carcinoma but in acute myeloid leukemia (AMl), breast intraductal carcinoma, and fibrosarcoma (16, (37) (38) (39) . Moreover, the inhibitory activity of triptolide to expression of cell regulatory molecules also agrees with the Western blotting data reported on human breast carcinoma cells that showed triptolide treatments caused a reduction in the levels of prb, cyclin A, cyclin B1, cyclin D1, c-myc, cDK2 and cDc2 (17) . nevertheless, some researches demonstrated that triptolide treatment triggered a g0/g1 cell cycle arrest and apoptosis in gastric cancer and multiple myeloma cells (40, 41) . taken together, these results indicate that the cell cycle phase arrest triptolide will induce is cancer cell type-specific, but any cell cycle arrest eventually results in cell apoptosis.
the main pathway executing the cell death program includes the extrinsic one which involves the binding of ligand to the death receptor and subsequent caspase 8 activation, and the intrinsic one (the mitochondria-dependent pathway) which relies on the release of apoptosis-inducing factor from mitochondria to the cytosol, such as cytochrome c that evokes caspase cascade and finally activates caspase 3 (20) (21) (22) (23) . The key components of the machinery that drive cells through the mitochondria-dependent apoptosis are Bcl-2 family of proteins, including pro-apoptotic Bax and anti-apoptotic Bcl-2, -X l proteins (25) . Bax acts as a destroyer of the mitochondrial membrane and facilitates the cytochrome c release. Bcl-2 and Bcl-X l usually bind to Bax and form heterodimer, thus hindering the Bax-triggered cell death program. In this study, triptolide increased the activation of caspase 3 and the release of cytochrome c into the cytosol, but not caspase 8 activation. these data provide strong evidence for the conclusion that triptolide-induced apoptosis in renal cell carcinoma cells is mediated via the the mitochondria-dependent pathway. Moreover, the elevated Bax expression and the lessened Bcl-2 and Bcl-X l expression further disclose that the initiation of the intrinsic pathway owes to the up-regulation of the Bax/ Bcl-2, -X l ratio. According to previous reports on triptolide's pro-apoptotic activity, in majority of cells, triptolide-induced cytotoxity is through the mitochondrial pathway (37, (42) (43) (44) (45) (46) (47) . With regard to the mechanism how triptolide triggers the mitochondria-dependent pathway, some researchers consider that it attributes to the increasing level of Bax protein and the decreasing level of Bcl-2, -X l (38, 47, 48) , which concord with our conclusion. the downregulation of X-linked inhibitor of apoptosis protein (XIAp) in AMl cells has also been reported (43) . In spite of the change or not in Bcl-2 protein level, overexpression of Bcl-2 can greatly attenuate triptolideinduced apoptosis, suggesting the critical role of Bcl-2 in the triptolide-triggered apoptosis (37, 43, 46) .
It is well-known that if cells are blocked in any phase of the cell cycle except the g0/g1 phase, they will be destined to experience the cell death program. In human renal cell carcinoma, we confirmed that triptolide accumulated cells in S phase and thus caused cell apoptosis. Apoptosis and cell cycle affect both processes by cell cycle regulators and apoptotic stimuli (49) . Although toxicants may initiate cell damage or stress, cellular proteins regulate the toxic stress response by a physiological balance between cell proliferation and death. In our work, triptolide increased free e2F1 levels that is mainly involved in cell cycle regulation and down-regulated the anti-apoptotic proteins of Bcl-2 family. e2F1, as an important transcription factor, can directly regulate not only genes required for the g1 to s phase transition, but also genes controlling apoptosis (50, 51) . the recent study on the regulatory relation between Bcl-2 and e2F1, c-myc demonstrated that e2F1 and c-myc DnA binding activity is required to suppress Bcl-2 expression (52). It has also been shown that overexpression of e2F1 can induce cell apoptosis in several cancer cell types and the e2F1-induced apoptosis is related to the downregulation of Bcl-2 family member proteins (53) . In triptolide-induced apoptosis, we argue that the increased Figure 6 . the schematic graph that demonstrates the effects and mechanism of triptolide on cell cycle and apoptosis in human renal cell carcinoma cells.
release of e2F1 may contribute to the downregulation of Bcl-2 and Bcl-X l expression.
In conclusion, we showed that the small molecule triptolide induced increased Bax/Bcl-2, -X l ratio, cytochrome c release, caspase 3 activation and the final mitochondriadependent apoptosis in human renal cell carcinoma (Fig. 6) , downregulated the expressions of rb, cyclin A, cyclin B, cDK1 and cDK2 and triggered cell cycle arrest at s phase (Fig. 6) . Although the exact mechanism and efficacy of triptolide-induced apoptosis in vivo is waiting further investigation, triptolide-induced apoptosis and cell cycle arrest in human renal carcinoma cells may also constitute an important mechanism for triptolide-induced anti-tumor activity, and triptolide could potentially be developed to a new chemotherapy agent to treat renal cell carcinoma.
